The main challenges faced by laccase production are high cost and low laccase activity. In this work, optimization of laccase production was studied by addition of agroindustrial waste, and enzyme fermentation kinetics were analyzed to determine the reasons for the resulting enhancement of laccase production. The results revealed that among various types of agroindustrial waste, orange peel is the best inducer of laccase. The maximal laccase activity of cultures containing orange peel was 9-fold higher than that of cultures without any agroindustrial waste, and the fermentation duration was reduced from 12 to 8 days. A kinetic model of fermentation was devised, and the effects of agroindustrial waste, copper induction, and the agitation rate on fermentation kinetics were analyzed. The reasons for improvement of laccase production by copper and by regulating the rotation speed include improved characteristics of laccase-producing fungi and enhanced proliferation capacity, respectively.
Introduction
Laccases (p-diphenol:oxygen oxidoreductases [EC1.10.3.2]) are multicopper enzymes that catalyze oxidation of a variety of phenolic and aniline compounds with the concomitant reduction of molecular oxygen to water (Unal et al. 2011 , Asadgol et al. 2014 . Laccase has broad-spectrum activity, high efficiency, and low consumption, and can use the oxidant O 2 directly without any coenzyme factors (Baldrian 2006) . Consequently, laccase has been widely used in industries such as pulping, waste water treatment, degradation of lignin and xenobiotic materials, dye decolorizing, and restoration of food industry wastewater (Baldrian 2006 , Zhang et al. 2014 , Mohajershojaei et al. 2015 , Sondhi et al. 2015 . 149 cultures were used as the inoculum source. An inoculant of 1.5 ml was prepared by resuspending the stock culture. The flasks were incubated at 30°C in an incubator shaker rotating at 150 rpm for up to 12 days. The culture liquids of submerged cultures were separated from the mycelia or substrates by centrifugation at 8500 rpm.
The amount of orange peel ranged from 0 to 3.0 g (0, 0.75, 1.5, or 3.0 g), and CuSO 4 was added at different concentrations (0, 0.1, 1.0, or 2.0 mM) to the basal medium on the third day of incubation. The effects of the agitation rate on fermentation kinetics were evaluated by varying the rotation speed from 100 to 250 rpm (100, 150, 200 , and 250 rpm) without adding substrates or CuSO 4 . All cultures were incubated at 30°C in an incubator shaker for up to 12 days.
Analytical measurements
Concentration of the fungi was determined by the dry weight of fungal mycelium (Tavares et al. 2005) . To easily determine the dry weight of the orange peel extract, the orange peel was replaced with orange peel extract. The orange peel extract was prepared as follows: a certain quantity (0.75, 1.5, 3.0 g) of orange peel was added to a 300-ml Erlenmeyer flask containing 150 ml of the basal liquid medium, and the flasks were placed into the autoclave for 25 min at 125°C. The orange peel was eliminated by filtration in a sterile environment.
Laccase activity was measured using 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a substrate at 35°C. ABTS (1 ml of a 0.5 mM solution) was mixed with 1 ml of a 0.1 M acetic acid/sodium acetate buffer solution (pH 4.0) and 1 ml of diluted crude enzyme. Oxidation of ABTS was monitored by the increasing absorbance at 420 nm (ε = 36000/[Mcm]) in 5 min. One unit of the enzymatic activity was defined as the amount of the enzyme that oxidizes 1 μmol of ABTS per minute (Elisashvili et al. 2008) . The concentration of glucose was measured by means of 3,5-dinitrosalicylic acid (DNS) (Miller 1959) .
Kinetic modeling
Kinetic experiments with biological fermentation were focused on three parameters: cell growth (X), product formation (E), and substrate consumption (G). Usually, they are expressed by the Logistic equation (Eq), Luedeking-Piret equation, and the Luedeking-Piret-like equation, respectively (Elibol & Mavituna 1999 , Tavares et al. 2005 , Bankar & Singhal 2012 , Bettin et al. 2014 , Saat et al. 2014 .
The model of microbial growth
The microbial growth model can be described as follows (Elibol & Mavituna 1999) :
The value of x max was obtained from experimental data. A line was drawn with  . Furthermore, μ m and x 0 can be determined according to x and x max , and the fungal growth model can thus be constructed. The initial biomass concentration (x 0 ) played a vital role in increasing the total biomass production. The rate of biomass production is determined by the characteristics of fungal growth and population size. The specific growth rate (μ) depends only on fungal characteristics and 150 environmental factors and has nothing to do with population size. The specific growth rate (μ) can be defined as the proliferation capacity of the fungi. Assuming that the fungi reproduce strictly by binary fission, when x t reaches 2x 0 , the required time is called the generation time (GT). The greater the μ, the less is GT.
Model of laccase formation
The basis of the kinetics of product formation is expressed by the Luedeking-Piret equation. For the first time, this model was used for the production of lactic acid by Lactobacillus delbrueckii.
where dE/dt is the rate of laccase production (U/[mLd]), α is a growth-associated constant (U/g), and β is a biomass-associated constant (U/[gd]). Equation (3) can be changed as
Integration of Eq. (4) produces the following equation:
Assuming that the error of Eq. (6a) can be neglected,
Because α and β are constant under certain culture conditions. Now α can be considered the laccase production or destruction coefficient of the fungi at a small fungal age (U/g), and β is the laccase production coefficient of the fungi at older fungal age (U/[gd]). The values of α and β depend on the fermentation conditions.
When dx/dt = 0 and x = x max , β can be obtained by means of Eq. (3):
A combination of Eqs.
(1) and (3) produces the following relation:
The integrated form of Eq. (3) 
The model of glucose consumption
Glucose was mainly used for biomass growth, product formation, and for maintaining cell metabolism. The model of glucose consumption was based on the Luedeking-Piret-like equation:
Where dG/dt is the rate of glucose consumption (U/[gd]), G 0 is the initial glucose concentration (g/L), G is the glucose concentration (g/L), Y X/G is the biomass yield coefficient on glucose (g/g), Y E/G is the laccase activity yield coefficient on glucose (g/g), and m s is the fungal maintenance coefficient on glucose (g/g/d).
Assuming that the amount of glucose used for laccase formation is negligible, Eq. (11) can be reduced to the following equation.
Just as the laccase formation model, the glucose consumption model can be understood by the method described above. When dx/dt = 0, x = x max , and θ can be obtained by Eq. (13). 
At will yield a straight line passing through the origin. The slope is equal to η.
Productivity and yield factors
R x , the productivity of biomass (g/[Ld]), and R E , the productivity of laccase (U/[Ld]), can be obtained by means of Eq. (16).
Because f0 VV  in the experiment, Eq. (16a) can be turned into (16b).
Where x f is the final biomass concentration (g/L), V f is the final fermentation volume in a flask (L), t f is the final fermentation duration, E f is the final laccase activity (U/ml), Y XG denotes the biomass yield on glucose (g/g), Y EG represents the laccase yield on glucose (U/g), and Y Ex is the biomass-specific yield of laccase (U/g). These parameters were calculated as follows:
Where G f is the final glucose concentration (g/L), G 0 is the initial glucose concentration (g/L), and x 0 was calculated by the method mentioned above. Parameters x f , E f , E 0 , G f , and G 0 were obtained from experimental data.
Results and Discussion
Optimization of laccase production using agroindustrial waste
The types of agroindustrial waste used in the experiment included tea, peanut shells, orange peel, corn cob, and bagasse. The improvement of laccase production by agroindustrial waste is shown in Fig. 1 . The laccase production of all cultures with agroindustrial substrates was improved except for the culture with peanut shells. The culture with orange peel showed the maximal laccase activity: 9-fold higher than the control, whereas cultures with tea, bagasse, and corn cobs showed 5-fold, 2-fold, and 1.1-fold higher activity than the control did, respectively. Arora and Gill (2000) found that the basal media of mineral salts broth with sugarcane bagasse result in the highest enzymatic activities: 84-fold higher than those achieved in control cultures. Lorenzo et al. (2002) added agroindustrial waste to basal media and showed that barley bran is the best inducer of laccase activity, which improved the enzyme production in Paralepetopsis floridensis up to 11-fold, whereas grape stalk and grape seed yielded 6-and 4-fold increases, respectively. The fermentation duration (referring to the fermentation time point when the increasing speed of laccase production begins to slow down) of all cultures with agroindustrial waste was cut short except for the culture with peanut shells. The fermentation duration was most shortened in the culture with orange peel, where the duration was reduced by 1/3. The agroindustrial waste products (tea, orange peel, corn cob, and bagasse) can thus be used for optimizing laccase production. Orange peel is the best inducer because it can sharply increase laccase activity and shorten the fermentation duration substantially.
Nevertheless, when turning the liquid medium into potato extract medium (potato extract, 200 g/L; glucose, 20 g/L), the best inducer of laccase was peanut shells rather than orange peel (data is not shown). Parenti et al. (2013) observed the largest increase, reaching 600 U/L, in shaking cultures of P. ostreatus N001 in the culture medium of SMY (10 g/L sucrose, 10 g/L malt extract, and 4 g/L yeast extract) using wheat straw extract. On the other hand, there was little laccase induction in the minimal M7GY medium (10 g/L glucose, 2 g/L ammonium tartrate, 0.5 g/L MgSO 4 ·7H 2 O, 1 g/L KH 2 PO 4 , 0.5 g/L KCl, 1 g/L yeast extract, and 1 mL/L of a solution of trace elements). These results suggest that different strains have their own optimal substrates, and that the inducer effect varies with the culture medium and growth conditions (Lorenzo et al. 2002) .
Kinetic models
The process of computation of the kinetic models for the culture under control conditions is shown below.
The model of fungal growth kinetics
Initially, the biomass entered a lag phase followed by an exponential growth phase in the growth curve. The biomass concentration and laccase activity increased simultaneously when the fungi entered the exponential phase. Assuming that x max = 0.60 g/L, a plot of Eq. (1) yielded μ m = 0.42/d, corresponding to x 0 = 0.0153 g/L (Fig. 2) . 
The kinetic model of Laccase formation
Laccase formation parameters were determined; μ m , x max , and x 0 were calculated above.
The slope of the line in Fig. 3 indicates that α = 4.988 U/g. The slope of the line was the η, which was equal to 1/Y X/G . θ was the fungi maintenance coefficient on glucose. G 0 was the initial glucose concentration, which was equal to 5 g/L.
The kinetic model of glucose consumption
The decrease in residual glucose concentration was accompanied by an increase in biomass concentration during laccase formation. The parameter θ can be determined by means of Eq. (13):
The initial glucose concentration was G 0 = 5 g/L. A plot of Eq. (15) is shown in Fig. 4 and provided a slope of η = 3.15 g/g.
Verifying the models
The biomass concentration (x), laccase activity (E), and glucose concentration (G) were calculated by means of Eqs. (1), (9), and (14), respectively, using the kinetic parameters determined above. Experimental data are compared with simulation data in Fig. 5 . The average error of simulation data and experimental data was less than 5%. The model appeared to provide a reasonable description for the dynamic characteristics of the fermentation process. A summary of these parameters in control culture is shown in Table 1 . One of the major limitations of the model is that the model agrees well with the experimental data during the growth phase, but not the stationary phase and decline phase.
Effects of the factors on fermentation kinetics
The effects of factors (agroindustrial waste, copper induction, and agitation) on the fermentation kinetics were evaluated by the method of OFAT (vary only one factor at a time while keeping the others fixed) and the results are summarized in Table 2 . E, G were the biomass concentration, laccase activity and the glucose concentration, respectively. The filled triangle and rectangle were the experimental data. The three curves were the calculated data of the kinetics models. The average error of simulation data and experimental data was less than 5%). Table 2 The effects of three factors on fermentation kinetic characterization 
Effects of adding agroindustrial waste on fermentation kinetics
Compared with the control culture, μ m , α, and β were enhanced by orange peel extract; this finding means that orange peel promoted the proliferation capacity of the fungi and their laccase-producing ability. The maximal μ m of the culture with orange peel extract was 1.5-fold greater than that of the control, and the generation time was shortened by 1/3. In other words, the proliferation capacity of the culture with orange peel extract was 0.5-fold higher than that of control. Increasing α and β (enhancement of laccase production with per gram dry weight biomass per day) means improvement in the ability of the fungi to produce laccase, which can also be found by the increasing Y EX . The rate of laccase production and laccase production with per gram of glucose are r E and Y ES , respectively. These parameters increase simultaneously implying that they need less time and glucose than before to produce the same amount of laccase. Thus, more laccase can be obtained with the same amount of time and glucose.
Parameters μ, α, β, Y EX , r E , and Y ES were improved by an increase in the supplementation with orange peel, which ranged from 0 to 10 g/L. That is to say, the more orange peel was added to the culture, the better was the optimization. This observation is consistent with the results of Elisashvili et al. (2006) . Furthermore, μ, α, β, Y EX , r E , and Y ES hardly changed when the amount of orange peel surpassed 10 g/L. In contrast, parameters μ, α, β, Y EX , R E , and Y ES decreased with the increasing amount when the addition of orange peel exceeded the optimal value. The difference may result from the switch from orange peel to orange peel extracts.
In accordance with Eq. (8), laccase formation is determined by α, β, x(t), and biomass growth. The biomass concentration x(t) and biomass growth rely on μ when x 0 is fixed. Therefore, the increase in α, β, and μ should result in production of more laccase. According to Table 2 , the enhancement of laccase production was caused by increased α, β, and μ. In shaking cultures of SMY, the biomass evolution and residual glucose concentration of the culture with wheat straw extracts barely changed as compared to the culture without wheat straw extracts; the reason for the enhancement of laccase activity was an increase in α and/or β (Parenti et al. 2013 ). The varying conclusions may be due to differences in the composition of the two substrates.
Effects of copper induction on fermentation kinetics
The maximal laccase activity (E max ) was different in the range of 0-2 mM copper, and the highest activity was obtained at 1 mM copper. Judging by Table 2 , one can see that improvement of α, β, r E , Y EX , and Y ES showed a positive correlation with the increasing copper supplementation (when the copper concentration was less than 1 mM) and a negative correlation (when copper concentration was more than 1 mM). Although there was a negative correlation when the copper concentration exceeded 1 mM, copper played a major role in inducing laccase formation. When the copper concentration is below the optimal one, laccase production improves with the increase in copper supplementation, but when the copper concentration is above the optimal concentration, the laccase production improves with a decrease in copper supplementation (Hess et al. 2002 , Saparrat 2004 , Tavares et al. 2005 . The optimal copper concentration varies among fungal strains because of differences in sensitivity to copper (Palmieri et al. 2000 , Levin et al. 2002 , Saparrat 2004 , Tavares et al. 2005 ). Biomass growth is not affected by the presence of copper because the biomass growth curve is almost the same with or without copper (Palmieri et al. 2000) . Here, when the copper concentration changed from 0 to 2 mM, μ and x max were almost not affected.
Thus, parameters μ and α have nothing to do with copper, whereas the increase in β accounts for the improvement of laccase activity when copper is used for laccase production (Tinoco-Valencia et al. 2014) . Maximal laccase activity depends on the biomass produced and the growth-associated and growth-independent constants (Tinoco-Valencia et al. 2014) . High copper content of the liquid culture will inhibit fungal growth to a certain extent, but it can still promote laccase formation. It is clear that fungal proliferation capacity (μ) and the laccase-producing ability of the fungi (α and/or β) were affected by high copper concentration in an opposite manner. Nonetheless, the stimulatory effects were stronger than the inhibitory effects. From these results, we infer that the reason for laccase upregulation with copper induction is the improvement of laccase-producing ability of the fungi (the increase in α and/or β). In contrast, excessive copper is toxic and inhibits biomass growth; the latter change will cause morphological and physiological changes and will affect the proliferation capacity of the fungi and enzyme formation (Baldrian 2003) . Table 2 shows a positive correlation between an increase in μ and an increase in the rotation rate. On the other hand, the positive correlation turned into a negative one when the rotation rate surpassed 200 rpm. The enzymatic activity and μ attained their maxima (~6.65 U/mL and 0.49/d, respectively) at an agitation rate of 200 rpm. Higher speeds of agitation can cause higher energy and oxygen transfer to the fungal culture (Buchs 2001) . As a result, fungal growth will be promoted with increasing agitation, but only up to a certain point (Saat et al. 2014) . If the agitation rate were beyond 158 the optimal rate, then fungal growth would be inhibited because of the sensitivity of biomass to the excessive mixing and hydrodynamic shear stress (Abd-Aziz et al. 2008) . Increasing the agitation rate appropriately can be beneficial for laccase production because higher μ will promote enzyme formation.
Effects of agitation rate on fermentation kinetics
As shown in Table 2 , the values of α and β hardly changed with the increasing agitation rate. Nevertheless, excessive agitation rate will lower α and β. The values of α and β are not significantly influenced by the agitation rate for laccase production associated with no growth (Saat et al. 2014) . It is generally accepted that high agitation rates are detrimental for enzyme production by white-rot fungi because excessive agitation tends to cause deactivation or proteolysis of enzymes (Moreira et al. 1998 , Birhanli & Yesilada 2010 , Tinoco-Valencia et al. 2014 . Parameters α and β can be negative, zero, or positive (Tinoco-Valencia et al. 2014) . Apparently, excessive agitation rates should not be used because of their inhibitory effects on the enzyme production manifesting themselves as a decline of α, β, and μ. Tavares et al. (2006) found that the agitation rate does not play an important role in laccase production. The reason for the opposite conclusion may be that the optimal agitation rate was near and between the speeds selected (100 and 180 rpm) in the experiment, and the results of the joint effects of the two different agitation rates on proliferation capacity (μ) and the ability of the fungi to produce laccase (α and/or β) are the same. It can thus be deduced that the major reason for the enhancement was an increase in proliferation capacity (μ).
At an agitation rate of 200 rpm, Y ES was smaller than that of control. Meanwhile, R E was 2-fold lower than that in the control. This means that it takes less time to obtain the same quantity of laccase but more glucose is needed. From the standpoint of the utilization rate of glucose, this approach is not economical for laccase production.
When the agitation rate was less than optimal, the effects of increasing agitation rate on μ were stronger than those on α and/or β. Excessive agitation leads to a decrease in μ, α, and β. Consequently, E max was first improved by the increasing agitation rate and then was reduced by an excessive agitation rate.
Conclusion
Agroindustrial waste products such as tea, orange peel, corn cob, and bagasse can be used as natural substrates for laccase production. The maximal laccase activity (45 U/mL) of cultures with orange peel was 9-fold higher than that in the control, and the fermentation duration was shortened from 12 to 8 days. These data show that orange peel is the best substrate for laccase production. The orange peel extract not only greatly improved the fungal ability to proliferate and to produce laccase but also increased the productivity and yield factors in comparison with the control. Lignin, cellulose, hemicellulose, and other components of orange peel can serve as carbon sources for fungal growth (Stajic et al. 2006) . Moreover, some natural inducers in the waste can promote laccase production efficiently. Many studies are focused on improving laccase production by changing culture conditions or by adding inducers, but the research on the reasons for the enhancement of laccase production is scarce. The established kinetic models were used to analyze the influences of three factors (addition of agroindustrial waste, copper induction, and stronger agitation) on the fermentation kinetics and to discuss the reasons for the enhancement of laccase production in terms of laccase fermentation kinetics. The reason for the enhancement of laccase production after addition of orange peel extract was the augmentation of α, β and μ; the reason for enhancement after supplementation with copper was an increase in α and/or β; the reason for enhancement of laccase production by regulation of the rotation rate was mainly the enhancement of μ. The optimization results on laccase production were usually quantified with respect to the maximal 159 laccase activity or fermentation duration. The results of optimization could be assessed by means of the kinetic parameters, aside from assessing maximal laccase activity and fermentation duration. These parameters are conducive to a better understanding of the fermentation process and can serve as a reference for enhancement of enzyme production.
